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Particle Physics

One of the solar neutrino cycles!

Every β+ transition emits a neutrino!
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The  
Standard Model 

of Particle Physics

Symmetries Particles

Quantum Field Theory
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Quantum Field Theory

Consistent framework which incorporates both 
quantum mechanics and special relativity

Particles are excitations of quantum fields and 
can be created or annihilated
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Symmetries

Emmy NoetherNoether’s theorem:

For every differentiable symmetry of the system (action) 
there exists a corresponding conservation law.

Conservation laws are the backbone of physics: energy, 
momentum, electric charge, spin, …

Such symmetries can be described by “Lie groups”
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Particles

Symmetries are property of the action which is written in 
terms of fields (which in turn describe particles).

For every particle discovered, like electrons, muons, and 
quarks, there is a corresponding field. 

QFT predicts antiparticles.
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What is a symmetry?

A symmetry is a transformation in the fields 
which leaves the action invariant

 (x) !  0(x) ) L ! L
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If we forget the electric charge, protons and neutrons 
are very similar (mp ≈ mn ≈ 0.938 GeV)
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Or even better (more general)
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Pauli matrices, the generators of SU(2)

And the Lagrangian remains invariant
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What does that mean???

And the Lagrangian remains invariant
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If we forget the electric charge, protons and neutrons 
are very similar (mp ≈ mn ≈ 0.938 GeV)

 =

✓
p
n

◆
!  0 =

✓
cos ✓ sin ✓
� sin ✓ cos ✓

◆✓
p
n

◆

Or even better (more general)

 =

✓
p
n

◆
!  0 = exp (�i✓j⌧j)

✓
p
n

◆

Pauli matrices, the generators of SU(2)

And the Lagrangian remains invariant

You are free to define proton 
and neutron, physics should be independent 

of that.
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If we forget the electric charge, protons and neutrons 
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And the Lagrangian remains invariant

Simpler case: ψ      eiθψ
Why should it be the same phase 

everywhere?

!
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Invariance under local transformations (gauge symmetries), 
require additional, dynamical fields

These fields are the force carriers, like the photon

fermion + local phase invariance = electromagnetism
electrons U(1) gauge symmetry quantum electrodynamics
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Observations by Sir J. Chadwick, 1914

Issues with β decays
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Observations by Sir J. Chadwick, 1914
• Gross violation of energy-momentum 
conservation!
• Postulates an "invisible" particle to avoid 
catastrophe - the neutrino

Winter of 1930

Issues with β decays
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161 

V e r s u c h  e iner  Theorie  der  p-Strahlen. I1). 
Von E. Fermi in Rom. 

M.it 3 Abbildungen. (Eingegangen am 16. Januar 1934.) 
Eine quantitative Theorie des fl-Zerfalls wird vorgesehlagen, in weleher man 
die Existenz des Neutrinos annimmt, und die Emission der Elektronen und 
Neutrinos aus einem Kern beim ~-Zeffall mit einer ~hnliehen Methode behandelt, 
wie die Emission eines Lichtquants aus einem angeregten Atom in der Strah- 
lungstheorie. Formeln fiir die Lebensdauer und fiir die Form des emittierten 
kontinuierlichen/~-Strahlenspektrums werden abgeleitet und mit der Effahrung 

verglichen. 
1. Grundannahmen der Theorie. 

Bei dem Versuch, eine Theorie der Kernelektronen sowie der/~-Emission 
aufzubauen, begegnet man bekanntlieh zwei Sehwierigkeiten. Die erste 
ist dutch das kontinuierliche fl-Strahlenspektrum bedingt. Falls der Er- 
haltungssatz der Energie giiltig bleiben sell, mu~ man annehmen, dab ein 
Brnehteil der beim /%Zeffall ffei werdenden Energie unseren bisherigen 
BeobachtungsmSglichkeiten entgeht. Naeh dem Vorschlag von W. P a u l i  
kann man z.B. annehmen, dab beim /~-Zerfalt nieht nut ein Elektron, 
sondern auch ein neues Teilchen, das sogenannte ,,Neutrino" (Masse yon 
der GrSBenordnung oder kleiner als die Elektronenmasse; keine elektrisehe 
Ladung) emittiert wird. In der vorliegenden Theorie werden wir die Hypo- 
these des Neutrinos zugrunde legen. 

Eine weitere Schwierigkeit fi~r die Theorie der Kernelektronen besteht 
darin, dab die jetzigen relativistischen Theorien der leiehten Teilehen 
(Elektronen oder Neutrinos) niehf imstande slnd, in einwandfreier Weise 
zu erkl~ren, wie solche Teilehen in Bahnen yon Kerndimensionen gebunden 
werden kSnnen. 

Es seheint deswegen zweckm~Biger, mit H e i s e n b e r g  ~) anzunehmen, 
dab ein Kern nut aus schweren Teilchen, t 'rotonen und Neutronen, be- 
steht. Um trotzdem die M5gliehkeit der/~-Emission zu verst~hen, wollen 
wit versuchen, eine Theorie der Emission leiehter Teilehen aus einem Kern 
in Analogie zur Theorie der Emission eines Liehtquants aus einem an- 
geregten Atom beim 'gewShnlichen StrahlungsprozeB aufzubauen. In der 
Strahlungst.heorie ist die totale Anzahl der Lichtquanten keine Konstante: 
Lichtquanten entstehen, wenn sie von einem Atom emittiert werden, 
und versehwinden, wenn sie absorbiert werden. In Analogie hierzu wollen 
wir der fl-Strahlentheorie folgende Annahmen zugrunde legen: 

1) Vgl. die vorl~ufige Mitteilung : La Ricerca Scientifica 2, Heft 12, 1933. -- 
e) W. Heisenberg ,  ZS. f. Phys. 77, 1, 1932. 
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<< seconda qum~tizzazione >>. Noi consklereremo dunque le ampiezze 
di probabilitgt ~ e ? degli elettroni e dei neutr ini  hello spazio ordi- 
nario, e le loro eomplesse conjugate ~ e <?~ come degli operator i ;  
men*re per la descrizione delle particelle pesanti useremo la consueta 
rappresentazione hello spazio delle eonfigurazioni, nella quale natu- 
ralmente anehe ~ dovrh eomputarsi t ra  le coordinate. 

Introdueiamo dappr ima due, operatori Q e Q* ehe operano sopra 
le funzioni della variabile a due valori p come le sostituzioni lineari 

o = l o  1 ! .  9 ~ ,  o o I 
r 0 0 ] '  - -  1 0 I  

Si rieonosee immediatamente ehe Q determina le *ransizioni da pro- 
tone a neutrone, e O~ le fransizioni opposte da neutrone a protone. 

I1 signifieato delle ampiezze di probabilith @ e ~ interpretate come 
operatori 6, come si sa, il seguente. Sia 

'~, G ... '~ . . . .  

up sistema di staff quantiei individuali degli elettroni. Poniamo poi 
(2) ,~ = Y.,~ ,~; ~ = Y~,~*a* 

8 8 --8 S 

Le ampiezze a~ e le grandezze eomplesse eoniugate a~ sono ope- 
ratori  ehe agiscono sulle funzioni dei humeri  di oeeupazione N~, N2, ..., 
N,,... degli stati quantici individuali. Se vale il prineipio di Pa'cLI, 
ciaseuna delle N, pub prendere soltan*o nno dei valori 0, 1; e gli 
operatori a, ed a~ sono definiti al modo seguente: 

X~ ~ N , a + . . . - t - N s - - ,  a,ge*N, N=,..., N , , . . . ) :  (--1) {1-- N~) ~'(N,, N~,..., 1 - -  N,...) 
,3) a~.I:,N, N, . . . ,  N,. . .I  ~-  (--1) N'+'~'-'''" ' as-,  N~ q~'(N, N~,..., 1 -- N,,..). 

L 'operatore  a :  determina la ereazione, men*re l 'operatore a, deter- 
mina la seomparsa di un elettrone hello stato quantieo s. 

Corrispondentemente alle (2) porremo per i neutr ini :  

Gli operatori eomplessi eoniugati b,~ e b* operano sulle ftmzioni 
dei numeri di oeeupazione M ,  Ma, ..., M~,... degli staff quantiei indi- 
viduali %, % . . . .  , ~, . . .  dei neutrini. Ammettendo ehe anehe per 
questi eorpnseoli valga il prineipio di PAUbI, i nnmeri M~ possono 
prendere soltan*o i due valori O, 1 ; e si ha 

b~@(M, Me,..., M~,...) = (--1) n~'+~r'+'''+M~ "'l 1 - - M  ~, ~1~ 3i~, M, . . . ,  1 ~M~,. .  
" 1 M,+~I .. . . .  ~ - ' 3 1  kb(M Mo,..., 1--M~,.. .L ~ ; + ( M , ,  M , . . . ,  M~,. . . )  = v - , ~ ~ ,, - . 

Gli operatori b~ e b: determinano rispettivamente la sparizione 
e la ereazione di un neutrino hello stato ~. 

TENTATIVO DI UNA TEORIA DEI RAGGI $ 

aecoppia t ra  di loro i proeessi inversi ( t rasformazione di un protone 
in neutrone e sparizione di un elettrone e di un neutrino). 

Un termine di interazione soddisfacente alla condizione c) avrg  
dunque la forma seguente 

dove cs~ e c;~ sono grandezze ehe possono dipendere dalle eoordi- 
hate, dai momenti,  etc.., della partieella peSante. 

Una determinazione ulteriore di J~ non pub farsi  altro the col 
criterio della massima semplicit~; na turahncnte  tut tavia  le possibi- 
lith di seelta della Jg sono limitate dalla neeessitg ehe J~ sia inva- 
r iante rispetto a un cambiamento delle coordinate e ehe inoltre sod- 
disfi la conservazione della qnantit5 di moto. 

Se in un pr imo tempo trascnriamo gli effetti relativistici e lo :spin, 
la pi~t sempliee seelta per  (9) g la ,seguente 

in cui g ~ una eostante avente le dimensioni L~M T - ' ;  x rappre-  
senta le coordinate della partieella pesante;  ~, ~, ~*, ?* sono date 
da (2) e (4) e debbono prendersi  nella posizione x, 9, z occupata dalla 
particella pesante. 

La (10) non rappresenta  in alcun modo l 'unica  seelta possibile 
di Jg; a l t re t tanto ammissibile sarebbe qualsiasi espressione scalare, 
c o m e  

L(p) ~b(x) M(p) ~(x) N(p) ~ eompl, eoniug. 

in cui L(p), M(p),  N(p) rappresentano oppor tune funzioni del mo- 
mento della part icella pesante. Siecome per  altro le eonseguenze 
delia (10) si sono fino ad ora mostrate in aecordo con l 'esperienza,  
sembra inutile r ieorrere per il momento ad espressioni pi/t complicate. 

1~ essenziale invece generalizzare la (10) in modo da poter  t ra t -  
tare  relat ivist ieamente per lo meno le partieelle leggere. Natura l -  
mente, anche in questa generalizzazione, non sembra possibile pro- 
cedere senza una certa arbi t rar ie tK I~a soluzione pifi naturale  del 
problema sembra tu t tav ia  essere la seguente:  Relativist ieamente si 
hanno, in luogo di ~ e di ~, due quaterne ~,'~',58t~ e % ~ ~s % di 
funzioni di DmAc. Consideriamo le 16 eombinazioni bilineari in- 
dipendenti  di d ? ~ 3 t ~  e %% %o ~ %o ~ %% . Quando il sistema di r i fer i-  
mento subisce una t rasformazione di LORENTZ, le 16 eombinazioni 
bilineari subiscono una sostituzione linear.e, ehe d~ una rappresen-  
tazione del gruppo di LOREN~Z. In  part icolare le quat t ro combina- 
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electron

neutrino

12 E. FERMI 

e le diseguaglianze (33) e (34) diventano: 

(38) H~ ~_ IV; W ~ mc" 

Infine ]a probabilit5 di transizione (32) prende la forma 

Vita media e forma della earva  di distribuziozte 
de l l ' energ ia  per trans iz ion i  permesse .  

w 8. Dalla (39) si pub ricavare una formula che esprime quante 
transizioni ,8, in eui la particella } riceve un impulso eompreso t ra  
mc~ e mc(% q- dr,), hanno luogo nell'unit'h di tempo. Per  questo oe- 
eorre caleolare la somma dei valori di ~?~ ,p, nel nueleo, estesa a tut t i  
gli staff (de] eontinuo) che appartengono a]l ' intervallo di impulso 
indicato, tSi noti a questo proposito che le autofunzioni relativistiehe 

E0 
Fig. 1 

in eampo eoulombiano per gli stati con j - -  1/2 (~s~/~ e -~pl/.~) diven- 
tano infinite nel eentro. D 'a l t ra  parte la legge di Coulomb non 
valida fino al centro del nucleo, ma solo fino a una distanza da que- 
sto maggiore di R, R essendo il raggio nucleare. Ora un calcolo di 
orientamento dimostra che, se si fanno ipotesi plausibili sopra l 'an- 
damento del potenziale elettrico nell ' interno del nucleo, il valore di 
'~ '~s nel eentro de] mleleo risulta assai prossimo a quello ehe ~s ~ 
assumerebbe, nel caso della legge di Coulomb, a distanza R dal 
centro. A.pplieando le note formule (~) per le autofunzioni rela- 

(l) R. H. HUL~E, cProe. Roy. Soc.)> 188, 381, ]931. 

Theory of β decays
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Theory of β decays

we can show that � = 0 or

� =
µ
2

�
.

Replacing the vacuum in the potential we can see that

m
2
�
= 2µ2

m
2
✓
= 0.

If U(1) is gauged then

L = Dµ�
⇤µ
�� V (�)

and replacing the field � centered at the vev we get a mass term for the gauge boson Aµ.
To sum up: when you break spontaneously a continuous symmetry you give mass to the Gauge

bosons!
We would also have a term like

g
2
vA

µ
@µ✓ = MAA

µ
@µ.

The Feynman rule associated with the mass term plus these extra term is

iM
2
A

✓
gµ⌫ �

pµp⌫

p2

◆

the contribution that comes from these extra term and that does not appear for the photon, can
be understand as a feynman diagram that connects two lines for the Gauge boson propagator with
a propagatr of the ✓ field.

Exercise: Repeat breaking for SU(2).

1.5 Origin of the Standard Model

(Z,A) ! (Z + 1, A) + e
� + ⌫e

where Z is the atomic number and A is the atomic mass.
Fermi 1934 hypothetezed the neutrino.

H = g (Q (x)�(x) +Q
⇤
 
⇤
 
⇤(x)�⇤(x))

 (x) electron and �(x) neutrino

LFermi / G 
p
� n e

�0
 ⌫e

5

Operator: neutron to proton transition

H = g [Q (x)�(x) +Q
⇤
 
⇤(x)�⇤(x)]

ψ = electron, φ = neutrino

In modern language:

Predictions: muon and neutron lifetimes!

µ ! e⌫⌫

n ! p+e�⌫
τ = 2.2 μs:
τ = 880 s:
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Making a long story short…

we can show that � = 0 or

� =
µ
2

�
.

Replacing the vacuum in the potential we can see that

m
2
�
= 2µ2

m
2
✓
= 0.

If U(1) is gauged then

L = Dµ�
⇤µ
�� V (�)

and replacing the field � centered at the vev we get a mass term for the gauge boson Aµ.
To sum up: when you break spontaneously a continuous symmetry you give mass to the Gauge

bosons!
We would also have a term like

g
2
vA

µ
@µ✓ = MAA

µ
@µ.

The Feynman rule associated with the mass term plus these extra term is

iM
2
A

✓
gµ⌫ �

pµp⌫

p2

◆

the contribution that comes from these extra term and that does not appear for the photon, can
be understand as a feynman diagram that connects two lines for the Gauge boson propagator with
a propagatr of the ✓ field.

Exercise: Repeat breaking for SU(2).

1.5 Origin of the Standard Model

(Z,A) ! (Z + 1, A) + e
� + ⌫e

where Z is the atomic number and A is the atomic mass.
Fermi 1934 hypothetezed the neutrino.

H = g (Q (x)�(x) +Q
⇤
 
⇤
 
⇤(x)�⇤(x))

 (x) electron and �(x) neutrino

LFermi / G 
p
� n e

�0
 ⌫e

5✓
p
n

◆ ✓
⌫
`

◆
Symmetry!
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Making a long story short…

we can show that � = 0 or

� =
µ
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.

Replacing the vacuum in the potential we can see that
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2
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= 2µ2
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2
✓
= 0.

If U(1) is gauged then

L = Dµ�
⇤µ
�� V (�)

and replacing the field � centered at the vev we get a mass term for the gauge boson Aµ.
To sum up: when you break spontaneously a continuous symmetry you give mass to the Gauge

bosons!
We would also have a term like

g
2
vA

µ
@µ✓ = MAA

µ
@µ.

The Feynman rule associated with the mass term plus these extra term is

iM
2
A

✓
gµ⌫ �

pµp⌫

p2

◆

the contribution that comes from these extra term and that does not appear for the photon, can
be understand as a feynman diagram that connects two lines for the Gauge boson propagator with
a propagatr of the ✓ field.

Exercise: Repeat breaking for SU(2).

1.5 Origin of the Standard Model

(Z,A) ! (Z + 1, A) + e
� + ⌫e

where Z is the atomic number and A is the atomic mass.
Fermi 1934 hypothetezed the neutrino.

H = g (Q (x)�(x) +Q
⇤
 
⇤
 
⇤(x)�⇤(x))

 (x) electron and �(x) neutrino

LFermi / G 
p
� n e

�0
 ⌫e

5✓
p
n

◆ ✓
⌫
`

◆
Symmetry! Fermi theory originated the 

theory of weak interactions
SU(2) gauge symmetry
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Making a long story short…

we can show that � = 0 or

� =
µ
2

�
.

Replacing the vacuum in the potential we can see that

m
2
�
= 2µ2

m
2
✓
= 0.

If U(1) is gauged then

L = Dµ�
⇤µ
�� V (�)

and replacing the field � centered at the vev we get a mass term for the gauge boson Aµ.
To sum up: when you break spontaneously a continuous symmetry you give mass to the Gauge

bosons!
We would also have a term like

g
2
vA

µ
@µ✓ = MAA

µ
@µ.

The Feynman rule associated with the mass term plus these extra term is

iM
2
A

✓
gµ⌫ �

pµp⌫

p2

◆

the contribution that comes from these extra term and that does not appear for the photon, can
be understand as a feynman diagram that connects two lines for the Gauge boson propagator with
a propagatr of the ✓ field.

Exercise: Repeat breaking for SU(2).

1.5 Origin of the Standard Model

(Z,A) ! (Z + 1, A) + e
� + ⌫e

where Z is the atomic number and A is the atomic mass.
Fermi 1934 hypothetezed the neutrino.

H = g (Q (x)�(x) +Q
⇤
 
⇤
 
⇤(x)�⇤(x))

 (x) electron and �(x) neutrino

LFermi / G 
p
� n e

�0
 ⌫e

5✓
p
n

◆ ✓
⌫
`

◆
Symmetry! Fermi theory originated the 

theory of weak interactions
SU(2) gauge symmetry

Garwin, Lederman, Weinrich 1957
Non-conservation of parity in pion decays

π+ μ+ν

π+ μ+ν X
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Making a long story short…

we can show that � = 0 or

� =
µ
2

�
.

Replacing the vacuum in the potential we can see that

m
2
�
= 2µ2

m
2
✓
= 0.

If U(1) is gauged then

L = Dµ�
⇤µ
�� V (�)

and replacing the field � centered at the vev we get a mass term for the gauge boson Aµ.
To sum up: when you break spontaneously a continuous symmetry you give mass to the Gauge

bosons!
We would also have a term like

g
2
vA

µ
@µ✓ = MAA

µ
@µ.

The Feynman rule associated with the mass term plus these extra term is

iM
2
A

✓
gµ⌫ �

pµp⌫

p2

◆

the contribution that comes from these extra term and that does not appear for the photon, can
be understand as a feynman diagram that connects two lines for the Gauge boson propagator with
a propagatr of the ✓ field.

Exercise: Repeat breaking for SU(2).

1.5 Origin of the Standard Model

(Z,A) ! (Z + 1, A) + e
� + ⌫e

where Z is the atomic number and A is the atomic mass.
Fermi 1934 hypothetezed the neutrino.

H = g (Q (x)�(x) +Q
⇤
 
⇤
 
⇤(x)�⇤(x))

 (x) electron and �(x) neutrino

LFermi / G 
p
� n e

�0
 ⌫e

5✓
p
n

◆ ✓
⌫
`

◆
Symmetry! Fermi theory originated the 

theory of weak interactions
SU(2) gauge symmetry

Two problems:

Gauge symmetries do not allow for 
gauge boson mass term m2AμAμ

The weak interactions forbid mass terms for the fermions
Solved by the Higgs field!
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QFT framework

mailto:pmachado@fnal.gov


Jun/2019 Pedro A. N. Machado | Introduction to Particle Physics                                                             pmachado@fnal.gov44

QFT framework

Symmetries Conservation laws

Particles
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QFT framework

Symmetries Conservation laws

Particles
Local symmetries = forces

Massless mediators
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QFT framework

Symmetries Conservation laws

Particles
Local symmetries = forces

Massless mediators

Standard model 
is chiral Massless fermions

Experimental 
observations
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QFT framework

Symmetries Conservation laws

Particles
Local symmetries = forces

Massless mediators

Standard model 
is chiral Massless fermions

Experimental 
observations

Higgs 
mechanism
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The Standard Model

Building blocks of the universe
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Everything we see in this room

The Standard Model

Building blocks of the universe
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Everything we see in this room

The Standard Model

Building blocks of the universe

How do we know protons 

are composite particles?

mailto:pmachado@fnal.gov


Jun/2019 Pedro A. N. Machado | Introduction to Particle Physics                                                             pmachado@fnal.gov51

Everything we see in this room

The Standard Model

Building blocks of the universe

How do we know protons 

are composite particles?

Lower energy
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Everything we see in this room

The Standard Model

Building blocks of the universe

How do we know protons 

are composite particles?

Lower energy
Higher energy
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Building blocks of the universe

Heavier copies of the “first family” 

The Standard Model
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Gives mass to all elementary particles

The Standard Model

Building blocks of the universe
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Light!

The Standard Model

Building blocks of the universe
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Gives most of the mass to all we see

The Standard Model

Building blocks of the universe
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Forces are a manifestation of symmetries

The Standard Model

Building blocks of the universe
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Open questions: 

How did matter (and not antimatter) 
survived in the big bang?

Several observations lead us to believe that 
the standard model is not the final answer

The Standard Model
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The Standard Model

Open questions: 

How did matter (and not antimatter) 
survived in the big bang?

What is the mass of the neutrinos?

Several observations lead us to believe that 
the standard model is not the final answer
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The Standard Model

Open questions: 

How did matter (and not antimatter) 
survived in the big bang?

What is the mass of the neutrinos?
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energy?

Several observations lead us to believe that 
the standard model is not the final answer
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The Standard Model

Open questions: 

How did matter (and not antimatter) 
survived in the big bang?

What is the mass of the neutrinos?

What is dark matter and dark 
energy?

Why is the universe expanding?

Several observations lead us to believe that 
the standard model is not the final answer
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The Standard Model

Open questions: 

How did matter (and not antimatter) 
survived in the big bang?

What is the mass of the neutrinos?

What is dark matter and dark 
energy?

Why is the universe expanding?

Any reason behind the 3 families?

Several observations lead us to believe that 
the standard model is not the final answer
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The Standard Model

Open questions: 

How did matter (and not antimatter) 
survived in the big bang?

What is the mass of the neutrinos?

What is dark matter and dark 
energy?

Why is the universe expanding?

Any reason behind the 3 families?

What is the mechanism of neutrino 
masses?

Several observations lead us to believe that 
the standard model is not the final answer
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Conclusions

The standard model of particle physics elegantly explains mostly of 
what we observe

The SM is just symmetries and particles in QFT

But the SM is not satisfactory:
Unexplained puzzles (theory argument) 
Unexplained experimental observations
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